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heavy grades of paper. 
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<§) Apparatus and methods for use in measuring the moisture content of heavy-grade sheets of paper during 
their continuous manufacture. In one aspect, means employing infrared absorption techniques for determining 
the fiber weight per unit area of a sheet having a fiber weight of up to 1100 grams per square meter are 
provided. In another aspect, means employing infrared absorption techniques including the use of two moisture 
absorption bands and associated moisture reference bands for calculating the average temperature of the sheet 
are provided. The latter aspect may be used to produce an indication of moisture weight per unit area, wherein 
the indication is substantially independent on changes in the average temperature, and enables accurate 
measurement of the moisture weight per unit area of heavy grades of paper having moisture weights of up to 
450 grams per square meter. The former aspect may be emptoyed in measuring the moisture content of heavy 
grades of paper having moisture weights of up to 90 grams per square meter. 
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APPARATUS AND METHODS EMPLOYING INFRARED ABSORPTION MEANS TO MEASURE MOISTURE 

CONTENT OF HEAVY GRADES OF PAPER 

BACKGROUND OF THE INVENTION 



1 . Technical Reld 

The present invention relates to measuring the moisture content of heavy grades of paper (for purposes 
herein, paper having a fitter weight of at least 300 grams per square meter) during continuous manufacture. 
More particufarty, the invention relates to apparatus and methods which can be used to effect such 
measurement by infrared absorption means. 



2. Discussion of Related Art 

The art of measuring the moisture (water) content of paper during its continuous manufacture by using 

75 the correspondence between the at>sorptance of particular infrared radiation wavelengths and the relative 
amounts of particular components present in the paper has been practiced for many years. Early 
approaches that were commercially successful are exemplified by U.S. Pat. No. 3,405^268 Brunton. 
Modified forms of these early approaches continue to t>e used. 

In its simple form, the measurement is made by determining transmittances through the paper for two 

20 narrow barKjs of infrared radiation, one of which is very sensitive to absorption by water, (the moisture 
"absorption" or "measurement* band), and the other of which is relatively insensitive to absorption by water 
(tfie moisture "reference" band). The ratio of these transmittances is a function of water weight per unit 
area. The moisture measurement may be further refined by similarly measuring the cellulose fiber content 
of the paper and correcting the moisture measurement for scattering or absortion effects produced by the 

25 presence of fiber or other components. (See, e.g. U.S. Pat Nos. 3.551.678 Mitchell and 4.577.104 Sturm.) 

The successful use of infrared reujiatlon for moisture measurement of paper has been limited to light or 
medium grades, in past efforts to address this limitation, it has t>een recognized that the limitation results 
from the very low penetrability of heavier grades by energy associated with conventional measurement and 
reference bands of both fitter and water. These problems are discussed in U.S. Pat Nos. 3.793,524 Howarth 

30 and 3,551.678 Mitchell. The Mitchell patent suggests that the limitation can be "eased" by use of the O-H 
stretch region centered at about 1.45 microns in a case where a very high moisture content prevents 
transmission of measurable amounts of energy associated with the moisture absorption band. (Ordinarily, 
bands having wavelength centra of about 1 .92 to about 1 .96 microns are used for the moisture absorption 
band.). However, the use of a moisture absorption band centered at 1.45 microns is generally impractical 

35 because of the relatively high absorptances for both moisture arKl cellulose fiber at that wavelength. 
Furthermore, it appears that the primary problem in determining the transmittances of moisture absorption 
bands is not the inability to penetrate the paper with sufficient radiant energy, but rather tfie inability to 
produce precise determinations of these transmittances under con<fitions of varying temperature. This 
imprectston results from variations in the transmission spectrum for moisture with changes in temperature. 

40 Past methods aimed at compensating for this variation have employed thermistors or pyrometers. These 
attempts have not succeeded with heavy grades, possibly because they measure the surface temperature 
of the paper rather its average temperature throughout the entire thickness dimension. 

Accordingly, contemporary approaches to measuring the moisture content of heavy grades of paper 
employ different means based on different physical phenomena. A favored approach has been to use 

45 microwave moisture gauging techniques. However, in addition to their considerable expense, these gauges 
perform poorly on paper which has a tow fractional moisture content wherein bonding between water 
molecules and cellulose inhibits molecular rotation. 

It has been discovered that very satisfactory measurements of the moisture content of heavy grades of 
pap r can be made by infrared absorption m ans. It appears tfiat these measurements, not being 

50 influenced by water/cellulose bonding, are superior to those produced by microwave moisture gaug s. 

An object of this invention is to provide apparatus and m thods that enabi measurement of tfie 
fractional moisture content, or percent motstur . of heavy grades of paper by infrared absoption means. 

A further object of the invention is to provid apparatus and methods that ov rcome prior limitations to 
such measurement that arise from 'mad quat pen tration through tfie paper by radiant energy associated 
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with conventionally-employed fiber absorption bands. 

Another object ot the invention is to provide apparatus and methods for calculadng the average 
temperature of a moving sheet of heavy-grade paper. 

Another object of the invention is to provide apparatus and methods that produce accurate indications 
5 of the moisture weight per unit area of a sheet of paper, which when combined with conventionalty* 
determined indications of basis weight or fiber weight, enable a measurement of the fractional moisture 
content of the paper. 

Yet another object of the invention is to provide apparatus and methods as described which can bo 
adapted to measure the moisture content of light or medium grades of paper. 

10 

SUMMARY OF THE INVENTION 

In one aspect of the present invention, apparatus and methods that enable the measurement of fiber 

J 5 weight per unit area (Unless otherwise indicated, the word "weight** as used herein should be interpreted as 
**werght per unit area**.) for heavy grades of paper having fiber weights of up to 1100 grams per square 
meter (hereinafter, "gsm") are provided. By that provision, these apparatus and methods enable measure* 
ment of the fractional moisture content, or percent moisture, of heavy grades of paper having moisture 
weights of up to 90 gsm, depending on the associated fiber weight. Infrared radiation is directed into a 

20 sheet of paper from a source located on one side of the sheet, and radiation corresponding to a plurafity of 
selected narrow bands is detected on the other side of the sheet One of these barKis is designated a fiber 
at)Sorption band and has a centrum selected from the range extending from 1.5 to 1.8 microns. A detector 
response associated with this band is combined with the detector response of an associated fiber reference 
band to produce a response to the fiber weight of the sheet The fiber weight response is coml)ined with a 

25 moisture weight response derived from the transmittances of a moisture absorption band and a moistur 
reference band, to yield a combined response from which a measurement of the fractionaJ moisture content 
of the paper can be produced. 

In another aspect ti)e invention provides apparatus and methods that overcome (imitations related to 
the heightened temperature sensitivity which is encountered in measuring moisture weights for heavy 

30 grades of paper having moisture weights in excess of approximately 90 gsm. By this provision, these 
apparatus and methods enable the measurement of fractional moisture content or percent moisture, for 
papers having fiber weights of up to 1100 gsm and moisture wetgfits of up to 450 gsm. These limitations 
are overcome by using two moisture absorption bands and their associated reference bands to derive two 
responses to the moisture weight of the paper. As is further explained hereinafter, this permits calculation of 

35 the average temperature of the paper throughout its thickness dimension, (rather than its surface tempera- 
ture). Once the average temperature is known, one of the moisture responses can be corrected for error 
related to the temperature of ttie paper to produce a corrected moisture response that is irKJicative of actual 
moisture weight. JThe conrected moisture response can then be combined with the fiber response to 
produce a combined response indicative of the moisture content of the paper. 

40 Although the apparatus and methods herein described are primarily directed to the measurement of 
moisture content for heavy grades of paper, they employ means for changing the ratio of the intensity of 
radiation directed from the source to the intensity of radiation directed into the paper, thereby making the 
apparatus adaptable for measurement of lighter grades of paper. 

45 

BRIEF DESCRIPTION OF THE DRAWINGS 

Ftg. 1 is a partially schennatic. partially sectional illustration of a sensor which may be used in 
accordance with the tnventi'on. 
5<7 Ftg. 2 is a perspective illustration of a sheet traversing structure on which a sensor incorporating the 

invention would typically be mounted when using the invention for the purpose herein described. 

Fig. 3 is a flow diagram illustrating a preferred information handling procedure for processing detector 
responses indicative of the transmittances of narrow bands of radiation selected for practicing particular 
aspects of the invention. 

55 Fig. 4 is a logarithmic plot of the absorption spectra for water and cellulose in that portion of the 

infrared region extending from about 1 .6 to at>out 2.7 microns. 

Fig. 5 is a graph showing the absorption spectra for water and cellulose in the rang extendirtg from 
akXHit 1 .3 to about 1 .9 microns. 
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Fig. 6 is a graph illustrating the change in the transmission spectrum for water in response to a 
change in temperature. 



5 DESCRIPTION OF THE PREFERRED EMBODIMENT 

Referring to Fig. 1 . the dashed line 2 designates a moisture sensor that comprises a first sensor head 4 
(hereinafter "source head") and a second sensor head 6 (hereinafter "detector head") that are typically 
contained within a head package 7 and are supported on opposite sides of a sheet 8 of paper by a 

10 conventional sheet traversing structure 10 (Rg. 2). The source and detector heads 4,6 are separated by a 
pass gap 11 of approximately i .27 centimeters through which the sheet 8 passes. The sheet 8 Is moving in 
the indicated direction during its continuous manufacture. 

Although the invention can easily be incorporated in other sensor geometries, the emtxxJiment herein 
described employs a dual-hemisphere geometry similar to those illustrated in U.S. Pat. Nos. 4,052^15 Cho 

75 and 4.027,161 Wilttams. et al. 

The source head 4 contains a source 12 of infrared radiation connected to an external power supply 
(not shown) and positioned at approximately tfie focus of a parabolic reflector (not shown). The source head 
4 additionally contains conventionai cooling means for removing excess heat generated by the source 12. In 
an already-constructed prototype of the sensor 2. the source was a 200-watt quartz halogen lamp. 

20 Installed in a conventional fitter wheel 14 are separate optical filters (not shown). The fitter wheel 14 Is 
driven by a synchronous motor 15 and p^osittoned so that tf>e filters alternately pass through a radiation path 
which can be viewed as extending from the source 12 through a light pipe 16. Radiation passing through 
the filters and the tight pipe 16 enters an approximately spherical cavity 18 and is directed through a 
transparent, circular plate 19 and into the sheet 8. In the prototype, the light pipe 16 had an inside diameter 

25 of approximately 2.22 centimeters. < 

The spherical cavity 18 is fomied by a first hemispherical t)Ody 22 rigidly secured to and inside the 
source head 4 and a second hemispherical body rigidly secured to and Inside ttie detector head 6. The 
hemispherical bodies 22, 24 have highly reflective, mirror-like surfaces 26. 27. and an inside diameter of 
approximately 12.7 centimeters. The surfaces 26. 27 are aligned and generally face opposite surfaces 8a 

3o and 8b of te sheet 8: The surfaces 26. 27 are protected by transparent circular plates 19. 20. 

An entrance/exit slot 28 for a neutral density attenuator 30 was cut out from the first hemispherical body 
22. The attenuator 30 was provided t^ause the detector 32 would otherwise have been saturated In the 
absence of the sheet 8. The attenuator 30 was supported on one end of a generally L-shaped pivot arm 34 
and positioned in the radiation path during standardization, but removed from the spherical cavity 18 during 

35 mesurement However, the attenuator 30 may serve the additional purpose of extending the linear range of 
the detector 32 so that the sensor 2 can be used for measuring lighter grades of paper wherein it is desired 
to direct radiation into the sheet at a lower intensity. In that application, the attenuator 30 would t>e 
positioned in the radiation path during both measurement and standardization modes. Positioning and 
removal of the attenuator 20 were effected via computer-contolled actuation of a solenoid (not shown) 

40 contained in the source head 4. 

A portion of te second hemispherical body 24 corresponding to the thickness of a semicircular detector 
mounting plate 36 was cut out and the plate was rigidly secured therein. A detector assembly 38 was 
installed in the plate 36 at approximately the quasi-parat>olic focal point of the surface 27. (Over a limited 
range centered at the transmission axis 39. the hemispherical surface 27 approximates a parabolic 

45 surface.). The detector assembly 38 was installed so that the photosensitive detector element 32 (A high- 
detectivity lead sulfide photoresistive detector was used.) could receive radiant energy from both sides of 
the plate 36. To this end. a central bore (not shown) axialiy aligned with the focal point provided a window 
on one side of the plate 36. The detector element 32 was sandwiched t>etween two blocking filters 40 that 
were provided to prevent ambient light from reaching the element. The element 32 and Uie blocking filters 

50 were circular and of a slightly larger diameter than the central bore, and were disposed within a counterbore 
(not shown) which was slightly larger than, and coaxial with, the central bore. They were locked in place by 
an access plate (not shown) which was fitted to a milled-out portion of the side of the plate 36 opposite that 
of the central bore, and was secured thereto. A hole having the same diameter arid axis as the central bore 
was drilled through the access plate, thus providing a second window so that the detector element 32 could 

55 receive radiation from tx)th sides of the plate 36. Leads from the detector element 32 extended through a 
small hole (not shown) drilled from the edge of the plat 36 to the countertx)re. 

The filters Installed in the filter wheel 14 were initially select d to pass radiation in nanrow t>andwidths 
centered at at)out 1.56. 1.79. and 1.958 microns. The word "narrow* as appOed to the word "barKte" or 
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"bandwictths" herein is intended only to ponvey the reality that cun^ently available optical filters pass a 
nanow bandwidth at a given wavelength centrum, even though one might desire to use only the wavelength 
corresponding to the centrum. The above-specified narrow bands corresponded to fiber at>sorption. fiber 
and moisture reference, and moisture at>sorption wavelengths, respectively. 

5 It will be recognized that after employing conventional standardization and calibration procedur s. 

individual detector responses 42 indicative of the transmittances of these narrow bands through the sheet 8 
are produced from the detector 32. The detector responses 42 were initially processed similarly to the 
system described in U.S. Pat No. 4,577.104. However, certain changes related to compensating for error 
resulting from changes in sheet temperature were made to that system, as will be further described 

TO hereinafter. 

Referring to Rg. 4. numerals 44 and 46 designate infrared absorption curves for water and cellulose 
fiber, respectively. Because of the strength of the absorption band for fiber that is centered at about 2.12 
microns (point 48 on curve 46) as compared to the relatively weak absorption by water in that region, it has 
been favored in prior infrared moisture gauging apparatus which determine the transmittance of flber- 
75 sensitive wavelengths in order to correct an indicated transmittance of moisture-sensitive wavelengths. (See. 
e.g.. Pat Nos. 3,551.678 and 4.577. 104.). However, it is primarily the strength of that absorption band that 
makes these apparatus unsuitable for measuring the moisture content of heavy grades of paper. For heavier 
grades of paper and at practicable source intensities, substantially all radiant energy associated with this 
band is absorbed, leaving too little energy to derive an indication of fiber weight and. consequently, no 
20 indication of fiber weight with which to compensate an indication of moisture weight 

Rather than resorting to microwave or radio frequency gauging techniques. I elected to work with the 
wavelength range extending from about 1.5 to about 1.8 mfcrons (see Rg. 4), and to select therefrom two 
nanow bands. One of these, designated a fiber absortion band was centered at about 1.56 microns. The 
Other, designated a fiber reference band was centered at about 1.79 microns. It is stressed that other 
25 comtinations of narrow bands selected from this range can be used to advantage in accordance with this 
invention. Moreover. • the fiber reference band can be selected from areas outside this range whil 
maintaining the advantages hereby provided, though with less facil'ity in compensating the indication of fiber 
weight for cross-effects of absorption by water in the fiber absorption and reference bands. Accordingly, it is 
preferatrfe to select both the fiber absorption and reference bands from within this range, to select these 
bands from comparatively flat portions of the fiber absorptance curve, and to make such a selection that 
provides maximal difference in fiber absorption coefficients while providing minimal difference in water 
absortion coefficients. 

Thus, referring to Fig. 5. the numerals 50 and 52 designate the fiber absorption and refer nee 
wavelengths of 1.56 and 1.79 microns chosen for the prototype. The corresponding points 54.56 on the 
moisture absorptton curve 44 had substantially the same moisture absorption coefficients. I used a moistur 
absorption band centered at about 1.958 microns and an associated moisture reference band centered at 
about 1.79 microns. The coincidence of the fiber and moisture reference bands is unnecessary. However, 
by selecting these to coincide one can minimize the number of bands required and facilitate application of 
the invention to existing sensor designs. 
40 In selecting the fiber absorption and reference bands, there may be some difference in their moisture 
absorption coefficients, and the effective use of known calibration schemes can correct error associated with 
this difference. However, as the difference becomes larger, it becomes more difficult to con-ect this error, 
and at differences exceeding about twelve centimeters squared per gram the inability to distinguish 
absorption due to fiber from that due to water renders such correction impracticable. 
45 I have found that when the limiting factor in the ability to make an acceptable moisture measurement is 
high fiber weight (generally, when the fiber weight exceeds 300 gsm. I can overcome the limitation by using 
a ratio of the transmittances of fiber absorption and fiber reference bands taken from the above-described 
range to correct a ratio of the transmtttances of moisture absorption and moisture reference bands which 
are typically used. By this approach. I have produced accurate measurements of moisture content for 
60 papers having fiber weights of up to 1100 gsm with moisture weights of up to 80 gsm. The results are 
surprising, since it appears that the absorption ounces associated with the OH stretch overtones of fiber and 
water in the range extending from about 1.45 to about 1.65 mferons are similar in shape, and wouW render 
a measurement of either component unacceptable. Moreover, the relatively small differences in fiber 
absoption coetfici nts in the range extending from about 1.5 to about 1.85 microns do not make that range 
55 particularly attractive for fiber measurement. Howev r. these overtones are slightly shifted in relation to each 
other, (due apparently, to differences in the geometries of th OH bonds for water and cellulose), and this 
slight shitt permits use of the range extending from about 1.5 to about 1.8 mterons for providing an 
indication of fiber weight that is substantially Independent on moistur content. Even though differences in 
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fiber absorption coefficients for fiber absorption and fiber reference bands s lected from this range ar 
relatively small, the differences ar more pronounced in heavier grades wh re increased internal scatt ring 
increases the effective path iength of photons. This differenc is sufficient to enable accurate m asurement 
of fitter weight for papers having fiber weights ranging from 90 to 1100 gsm. 

Although the ability to overcome the limitation Imposed by high fiber weight enables measurement of 
moisture content for some heavy-grade papers, one is still faced with the problem of temperature sensrtivity 
for paper which has a relatively high moisture weight. This problem can be explained with refererK:e to Rg. 
6 which^ shows the transmission spectrum for 100 gsm water at 27 degrees Celsius (curve 58) and at 89 
degrees calsius (curve BO). From Rg. 6. it can be seen that over substantially the entire range of 
wavelengths from which moisture absorption bands are typically selected, the shape of the transmission 
spectrum (and therefore the absorption spectrum) is altered by changes In temperature. At higher moisture 
weights, there is a significant "reshaping" of the moisture absorption band as seen by the detector 32 
because the band, thou^ nanrow. does have some bandwidth. That is. the distribution of radiant energy 
within the band is much different on the detector side of the sheet 8 from what it was on the source side. 
This reshaping effectively amplifies the error associated with temperature-related changes in the moisture 
absorption coefficient so that at higher moisturer weights the moisture measurement Is extremely 
temperature^sensitive. 

The curves 58. 60 intersect at 1 .958 microns (point 62) where the absorption coefficient for water is the 
same for the two indicated temperatures. One can minimize the effect of sheet temperature sensitivity by 
selecting this wavelength as the centrum of the moisture absorption band. However, this puts a limit on the 
range of moisture weight that can be measured because of the low transmittance at that wavelength. To 
overcome this problem. I changed the filter for the moisture absoption band to provide a centrum of 1.90 
microns (point 64) instead of the original. 1.958 microns. This had the desirable effect of increasing the 
energy transmittc 1 through the sheet 8. As suggested above, the adverse effect of this change is that the 
absorption coefficient at 1.90 microns changes significantly with changes in temperature. I corrected for this 
effect, as further explained below, by adding to the filter wheel 14 a filter that passed a narrow band 
centered at 1.86 microns (point 66). thus providing a second moisture absorption band. 

It can be seen from the graph that the tomperatiffe sensitivity at 1.86 microns is greater than at 1.90 
microns, and that for both of these wavelengths the moisture absorption coefficient varies significantly with 
temperature. In effect I used the second moisture absorption band and an assodated reference band to 
measure the amount of shift in the water absorption spectrum in order to calculate the average temperature 
of the sheet 8. This enat>led me to apply a correction to the transmittance. as indicated by the first moisture 
absorption and reference bands, so that the final indication of moisture weight was unaffected by the 
temperature of the sheet 8. The 1.79 micron band was used as a reference band for both moisture 
absorption bands. The approach is more fully described below. 

Assuming purely exponential absorption one can determine a first moisture ratio. Gl. as the ratio of the 
transmittance of the first moisture reference band to the transmittance of its associated absorption t>and. If 
the fiber absorption coefficients are equal for the two bands, the effect of at)sorption by fiber will cancel. 
Otherwise this effect can be accounted for by a conventional calibration function. By measuring G1 at a first 
average temperature. Tt. and using a form of the Beer-Lambert Law, one can determine an effective 
absorption coefficient for moisture that is attributable to the first moisture absorption band at that 
temperature: 

ml - ln(G1)/ W .or (1) 
W = 1n(G1)/m1 . (2) 

where "ml " is the effective moisture absorption coefficient of the first moisture at>sorption band, and "W* is 
the moisture weight per unit area. 

Similarly, one can determine at the same temperature a second moisture ratio. G2. as the transmittance 
of the second moisture reference band to the transmlttence of its associated absorption band, and 
determine an eftective moisture absorption coefficient attributeble to the second moisture absorption band: 

m2 = ln(G2)/W.or (3) 
W = ln(G2)/m2. (4) 

In fike fashion, the eftective moistur at>sorption coefficiente. ml and m2, are determined for several 
different temp ratures to yield two sets of date which can be used to describe each effective moisture 
absorption co fficient as a function of temperature. Although the functions are not quite linear, they can be 
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expressed as Hnear functions over a limited range of tenriperatures. I have experimentally determined that 
this expression is quite adequate for use over temperature ranges typically encountered in paper manufac- 
turing. The functions can be expressed, for example, as follows: 

5 ml = a • T + b (5) 
m2 = c • T + d , (6) 

where "a^c" and "b.d" are the slopes arKi intercepts, respectively, of the linearized functions as determined 
during laboratory calibration. 
10 Substituting the "ml " and "mZ" expressions of equations 5 and 6 into equations 2 and 4 and solving 
for "T" yields the following: 

T = b * ln(G2) - d * ln(Gl^ . (7) 
15 c ♦ In(Gl) - a * ln{G2) 

When "G1" and are measured on-line, the calculated value of temperature, T, can be inserted in 
equation 5 to determine a corrected effectwe moisture absorption coefficient associated with the first 
moisture absorption band. The corrected effective moisture absorption coefficierrt can then be substituted 
for "ml " in equation 2 to calculate the true moisture weight of the sheet 8. 

The true moisture weight can then be combined with a basis weight measurement derived from any 
conventional means such as a beta gauge, for example, or with a fitter weight measurement to produce a 
measurement of the fractional moisture content or percent moisture of the sheet 8. However, it will t>e 
recognized that it is far more economical to provide both necessary measurements in an integral structure 
such as apparatus disclosed herein. 

Reference is now made to Fig. 3 which illustrates the preferred information handling procedure in 
processing the detector responses 42. The photosensitive element 32 is part of a data acquisition system 
74 which may be similar to apparatus described in U.S. Pat No. 4,306,049 Sturm. The system 74 produces 
responses 76,78.80.82 indicative of the transmittances of detected radiation in the narrow bands centered at 
1.56, 1.79. 1.90, and 1,86 microns, respectively. The transmittance values indicated by the responses 
76,78»80,82 are typically provided in the form of electrical signals which are digitized and then processed 
by a digital computer. 

A function of tiie ratio of transmittances of the fiber absorption and fiber reference bands is formed at 
84 to produce a fitjer response 86 to the fiber contair>ed in the sheet 8. The function of the first moisture 
ratio, G1. is formed at 88 to produce a first moisture response 90 to the moisture contained in the sheet 8. 
A function of the second moisture ratio, G2, is formed at 92 to produce a second moisture response 94 to 
the moisture contairied in the sheet 8. 

The fiber, first moisture, and second moisture responses 86,90.94 may be represented as "ln(R/A)", 
where "R** is tiie transmittance of the applicable reference t>and and "A** is the transmittance of the 
applicaiDle absorption band. The fitter response 86 is indicative of the fit>er weight of the sfieet 8 aruJ can t^e 
expressed as follows: 
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1n(R/A) = g*(F W)-f<F) , (8) 

where *F" is the fiber weight per unit area of the sheet 8. "tfW* is a second error function to account for 
differences, if any. in the moisture absorption coefficients of the fiber absorption and fiber reference bands, 
*g" is a constant determined in calibration, and "f(F)" is a first error function dependent on the scattering 
cfiaracteristics and broadband at>sorber content of the fit>er component of the sheet The first moisture 
response 90 is indicative of the moisture content of the sheet 8 and can be expressed as follows: 

ln(R/A) = ml • Wf(F), (9) 

where "W" is the moisture weight per unit area of the sheet 8. and *ml* is the effective moistur 
absorption coefficient for the first moisture absorption t}and. 

A function of ttie ratio of th first moisture response 90 and the fit>er response 86 is formed at 96 to 
produce a combined re^x>nse "C" that is sutjstantially independent on th error function -f(F)- but is 
dependent on the. second error function "5W*. Thus, tiie combined response G can be expressed as 



BNSOOCID: <EP 0323562A2. 1 



EP 0 323 552 A2 



follows: 
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C = (ml)W ^^0, 

g (F + 6 M) 

The basis weight, or total weight per unit area of the sheet 8 Is substantially equal to the combined 
weights of fiber and nrtoisture (F + W). Thus expression "10" n^ay be alternatively expressed as follows: 

C = (inl/g) * W / (F+W) , (H) 

IF / {F+W)l +6* [W / {F+W)l 

and expression *1t" may in turn be expressed as: 

C = (ml/g) * %W , (12) 

%P + 6 * %W 

where "%F' is the percent fiber In the sheet 8 and "%W- is the percent water or moisture in the sheet. 
Since %F = 1 - %W. expression "12" may also be expressed as follows: 

(ml/g) * %W = (ml/g) * %W (13) 

(1 - %W + 6 * %W) 1 + %W( «- 1) 

Letting - 1 « fi », %W » C (o/ml> . (14) 

1 - 5 •* C * (g/ml) 

As explained atx>ve. at high moisture weights "ml" must be considered a function of temperature. 
From equation 5. ml = a*T + b. Thus, equation 14 may be expressed as follows: 

*W = C (l/Ka/Q) * T ^ (b/q)n . (15) 

1-6' * C ♦ {l/[(a/g) * T + (b/g)l) 



The first moisture response 90 is also an input, as is the second moisture response 94, to a 
temperature calculating function 98. The temperature calculating function 98 employs the responses 90.94 

45 and data derived during a calibration procedure, such as that descriljed above, to calculate the average 
temperature of the sheet 8. The temperature is communicated via response 100 to final operation 102 which 
utilizes response C, response tOO and calibration data a/g, and b/g to produce a measurement response 
104 that is calibrated in accordance with the second error function aW. The measurement response 104 is 
indicative of the fractional moisture content or percent moisture of the paper sheet 8, and Is substantially 

50 independent of variations in temperature, scattering characteristics, and broadband absorber content. 

When the temperature calculation aspect of the Invention is not employed (generally, when moisture 
weight is under at)out 90 gsm). the infonmation handling procedure may be substantially the same as that 
described in U.S. Pat. No. 4.577,104. 

Those skilled in the art will recognize that numerous calibration schemes may b designed which are 

55 different from, but functionally equival nt to. that described above once the advantages associated with 
measuring the sheet temperature via the use of two moisture absorption bands are realized. It is also 
apparent that accounting for the fit>er weight of the paper by infrared absorption means Is unnecessary for 
practicing this aspect of th Invention, since an output of a separate apparatus (such as a conventional beta 
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gauge, for example) that determines totai weight per unrt area may be combined with the output of an 
infrared-based moisture gauge which produces an output indicative of moisture weight and which accounts 
for the average temperature of th sheet 8 in accordance with the teaching of this aspect 

Simitarfy, it witf be recognized that when fiber weight is determined by infrared absorption means, fiber 
5 absorption bands selected from the range extending from 1.5 to 1.8 microns, but different from ttiat 
particularly selected for purposes of development and description herein may be used without departing 
from the spirit and scope of that aspect of the invention. 

Accordingly, the atx)ve description is illustrative in purpose and is not intended to restrict the scope of 
the invention beyond that defined by the following claims and their equivalents. 

70 

Claims 

1. Apparatus for use in measuring the moisture content of paper during its continuous manufacture, 
rs comprising: 

(a) a source of infrared radiation positioned on one side of the paper for directing infrared radiation 
into the paper; 

(b) means, including at least one detector positioned on the opposite side of the paper from th 
source* for individually detecting a plurality of selected bands of infrared radiation emitted from the source 

20 and transmitted through the paper, the plurality including three narrow bands corresponding to a fiber 
absorption band, a moisture absorption band, and a reference band, wherein the centrum of the fiber 
absorption band is in a range extending from 1 .6 microns to 1 .8 microns, the apparatus being adapted to 
produce detector respor\ses that can t>e processed to produce a measuremenX of the fractional moisiure 
content or moisture percentage of the paper, and the responses being indicative of the transmittances of 

25 the selected kmnds. 

2. Apparatus as in claim 1 further comprising means for processing the detector responses to produc 
the measurement. 

3. Apparatus as In claim 2 wherein the processing means is adapted to form a ratio of the 
30 transmittances of the fiber absorption band and a fiber reference band to produce a fiber response to the 

fiber content of the paper, the measurement t>eing determined in part by the fiber response. 

4. Apparatus as In claim 3 wherein the centrum of the fiber reference band is in a range extending from 
1 .5 to 1 .8 microns. 

5. Apparatus as in claim 4 wherein the the moisture absorption coefficients for the fiber absorption and 
3S fiber reference t>and$ dffer. If at all, by not more than twelve centimeters squared per gram. 

6. Apparatus as in claim 5. wherein the processing means is adapted to form a first moisture ratio of the 
transmittances of the moisture absorption band and a moisture reference band to produce a first moisture 
response to the moisture conterrt of the paper, the measuremenX being determined in part by both the fiber 
response and first moisture response. 

40 7. Apparatus as in claim 8 further comprising means for changing the ratio of the intensity of radiation 

emitted from the source to the intensity of radiation directed into the sheet 

8. Apparatus for use in measuring the moisture content of a sheet of paper during its continuous 

manufacture via first measuring the transmittances through the sheet of a plurality of selected narrow bands 

of infrared radiation, comprising: 
45 . (a) a first sensor head positioned on one side of the sheet and containing a source of infrared 

radiation; 

(b) a second sensor head positioned on the opposite side of the sheet from the first sensor head, the 
sensor heads being separated by a pass gap through which the sheet passes: 

(c) means for supporting the sensor heads on opp>osite sides of the sheet: 

50 <d) a first t)0dy rigidly secured to the first sensor head, the first body having a highly reflective 

surface generally facing a surface of the sheet corresponding to the one side; 

(e) a second kxxly rigidly secured to the second sensor head, the second tx)dy having a highly 
reOective surface substantially aligned with the highly reflective surface of the first txxfy and generally 
facing the opposit surface of the sh et; 
65 (f) means for directing into the sheet the infrared radiation emitted from the source; and 

(g) means, including at least one d tector contained within the second sensor head and positioned to 
detect radiation reflected from the reflective surfaces, for individually detecting the selected narrow bands of 
infrared radiation wh rein the selected narrow bands tru^lud three k>ands corresponding to a fiber 
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absorption band having a centrum in the rang extending from 1 .5 to 1.8 microns, a fiber r fer nee band, 
and a moisture absorption band, the detecting means being adapted to individually produce detector 
responses for each of the three narrow bands. 

5 9. Apparatus as in claim 8 wherein the water absorption coefficients of the fiber absorption and fit>er 

reference bands differ, if at all, by not more that twelve centimeters squared per gram. 

10. Apparatus as in claim 9 wherein the centrum of the fiber reference band is in a range extending 
from 1.5 to 1.8 microns. 

11. Apparatus as In claim 10 further compdsing means in communication with the detecting means for 
10 processing the detector responses to produce a measurement of the moisture content of the sheet 

12. Apparatus as in claim 11 wherein the measurement is determined at least in part by two ratios, one 
being a ratio of the transmittances of the fiber absorption band and the fiber reference band, and the 
second being a ratio of the transmittances of the moisture at^sorption band and a moisture reference band. 

13. Apparatus as in daim 12 further comprising means for changing the ratio of the intensity of radiation 
75 emitted from the source to the intensity of radiation directed into the sheet. 

14. A method for measuring the moisture content of paper during contirujous manufacture thereof, 
comprising the steps of: 

(a) directing infrared radiation into the paper; 

(b) individually detecting the radiation transmitted through the paper for each of a plurality of selected 
20 narrow bands including a tiber absorption band having a wavelength centrum selected from a range 

extending from 1.5 to 1.8 microns, a moisture absorption band, and at least one reference band, to produce 
detector responses indicitive of the transmittances of the selected bands: and 

(c) processing the detector responses to produce a measurennent of the moisture content of the 

paper. 

25 

15. A method as in claim 14 wherein the processing step comprises forming two ratios to produce two 
responses, one to the fiber weight per unit area of the paper and the other to tiie moisture weight per unit 
area of the paper, the ratio associated with the one response being a ratio of the transmittances of the fiber 
absorption band and a fiber reference band, and the ratio associated with the other response being a ratio 

30 of the transmittances of the moisture absorption band and a moisture reference band. 

16. A method as in claim 15 wherein the fiber reference band is selected from the range extending from 
1.5 to 1.8 microns. 

17. A method as in claim 16 wherein the processing step further comprises forming a function of the 
ratio of the two responses to produce a combined response that is substantially independent of fiber 

35 scattering characteristics and broadband absorber content of the paper. 

18. In a method for measuring the moisture content of a sheet of heavy-grade paper during its 
continuous manufacture, the steps comprising: 

(a) determining the transmittances of a first moisture absorption t>and and an associated moisture 
reference band to produce a first moisture response to the moisture contained in the sheet; 
40 (b) determining the transmittances of a second moisture absorption band and an associated 

reference band to produce a second moisture response to the moisture cont^ned in the sheet; 

(c) calculating the average temperature of the sheet by means including the first and second 
moisture responses to produce a calculated average temperature. 

45 19. In a method as in claim 18. the furti^er step comprising correcting \he first moisture response in 
accordance with the calculated average temperature to produce a corrected first moisture response. 

20. In a method as in claim 19, the further step comprising n^asuring either the total weight per unit 
area or the fiber weight per unit area of the sheet and combining the measurement with the corrected first 
moisture response to produce a measurement of the fractional moisture content or percent moisture of the 

50 sheet 

21 . Apparatus comprising: 

(a) means for determining the transmittances through a moving sheet of paper of a plurality of narrow 
bands of infrared radiation, the plurality including a first moisture absorption band sensitive to absorption by 
moisture contained in the sheet, a r ference band associated with the first moisture absorption band but 
55 being less sensitive to absorption by the moisture, a second moisture absorption band sensitive to 
absorption by moisture contained in the sheet and a ref rence band associated with th second moisture 
absorption t>and but being less sensitive to at)sorption by the moisture; and 
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(b) means employing indications of the transmittances for calculating the av rage temperature of the 

sheet 

22. Apparatus as In claim 21 wherein the moisture weight of the sheet exceeds ninety grams per square 
5 meter. 

23. Apparatus as in claim 22 further comprising means for producing an indication of the moisture 
weight per unit area of the sheet, which motstwe weight indication is substantially Independent on variations 
in the average temperature. 

24. Apparatus as in claim 23 further comprising means for producing an indication of the fiber weight 

10 per unit area of the sheet. 

25. Apparatus as in claim 24 wherein the means for producing an Indication of the fiber weight employs 
a source of infrared radiation positioned on one side of the sheet to direct radiation into the sheet, at least 
one detecting element positioned on the opposite side of the sheet, and two filters selected to pass fiber 
absorption and fitter reference bands of infrared radiation to the detecting element 

T5 26. Apparatus as in claim 25 wherein the centrum of the ftber absorption band is selected from th 
range extending from about 1.5 to about 1.8 microns. 

27. Apparatus as in claim 26 wherein the centra of both the fiber absorption and fiber reference bands 
are selected from the range extending from at)Out 1 .5 to about 1 .8 microns. 

28. Apparatus as In claim 27 wherein the indication of fiber weight is combined with the indication of 
20 moisture weight to produce an indication of the fractional moisture content of the sheet. 

29. Apparatus as in claim 28 wherein the moisture absorption coefficients of the fiber absorption and 
fiber reference bands differ, if at ail. by not more than twelve centimers squared per gram. 

30. Apparatus as in claim 29 further comprising means for changing a ratio of the intensity of infrared 
radiation emitted from the source to the intensity of infrared radiation directed into the sheet 

25 
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